Abstract: An experimental investigation of the distance dependence of long-range electron transfer in zinc/ruthenium-modified myoglobins has been performed. The modified proteins were prepared by substitution of zinc mesoporphyrin IX diacid (ZnP) for the heme in each of four previously characterized pentaammineruthenium(II1) (a5Ru; a = NH,) derivatives of sperm whale myoglobin (Mb): a5Ru(His-48)Mb, aSRu(His-12)Mb, a5Ru(His-l 16)Mb, a5Ru(His-81)Mb. Electron transfer from the ZnP triplet excited state (,ZnP*) to Ru3+, 3ZnP*-Ru3t -+ ZnP+-Ru2+ (AEo -0.8 V) was measured by time-resolved transient absorption spectroscopy: rate constants (kf) are 7.0 X lo4 (His-48), 1.0 X IO2 (His-12), 8.9 X 10' (His-1 16), and 8.5 X IO' (His-81) s-' a t 25 OC. Activation enthalpies calculated from the temperature dependences of the electron-transfer rates over the range 5-40 O C are 1.7 i 1.6 (His-48), 4.7 i 0.9 (His-12), 5.4 i 0.4 (His-116), and 5.6 i 2.5 (His-81) kcal mol-'. Electron-transfer distances (d = closest ZnP edge to a5Ru(His) edge; angstroms) were calculated to fall in the following ranges: . The rate-distance equation is kf = 7.8 X lo8
Long-range electron transfers are important mechanistic steps in many biological oxidation-reduction reactions.2-16 Although ( 1 1 One approach t o t h e study of long-range electron transfer is to attach a redox-active complex t o a specific surface site of a structurally characterized heme or blue copper protein, thereby producing a two-site molecule with a fixed donor-acceptor distance. T h e redox-active complex t h a t has been employed successfully in several previous experiments is a5Ru2+/3+ (a = NH,), which covalently bonds to surface histidines.8-12 This complex can be attached by t h e reaction of a5Ru(OH,)2t with native protein under mild conditions, and t h e ruthenated protein can be purified by ion-exchange chromatography.
In order t o probe distance effects on long-range electron transfer, we have replaced the heme in four ruthenated myoglobins (a5Ru(His-48)Mb; a5Ru(His-1 2)Mb; a5Ru(His-l 16)Mb; a5Ru-(His-81)Mb: Mb = sperm whale myoglobin)'O by zinc mesoporphyrin IX diacid (ZnP). The ZnP excited triplet state (3ZnP*) is a much more powerful electron donor t h a n a reduced heme (hE0(3ZnP*-Ru3+ -ZnP+-Ru2+) -0.8 V)," thereby allowing four different electron-transfer distances to be examined in a single protein molecule.
Experimental Section
Materials and Apparatus. Distilled water, filtered through a Barnstead Nanopure water purification system (No. 2794 , specific resistance >18 Ma-cm), was used in the preparation of all aqueous solutions. 2-Butanone (MCB) was stored over aluminum oxide (Woelm neutral, Waters Associates) at 4 OC to prevent the accumulation of peroxides. All other reagents were used as received.
Carboxymethylcellulose cation-exchange resin, CM-52 (Whatman, preswollen, microgranular), was equilibrated as indicated by the manufacturer (six-aliquot buffer changes). Five column volumes of buffer were passed to pack the column prior to use. CM-52 resins were cleaned after use by washing with a high-salt solution (-1-3 M NaCI). Sephadex ion-exchange gel, G-25-80 (Sigma, bead size 20-80 fim) was equilibrated in the desired buffer, slurried, and poured in a fashion similar to that described for CM-52. Sephadex gels were cleaned by multiple washings with buffer or water.
(16) (a) Williams, G.; Moore, G. R.; Williams, R. J. P. Commenrs Inorg. Chem. 1985,4, 55-98. (b) Axup et al.
3 mL of water. The reaction mixture was heated and refluxed for 2 h. Hydrochloric acid (6 N) was added to precipitate the porphyrin diacid. The reaction mixture was refrigerated overnight. The sample was centrifuged and decanted.
Zinc(I1) was inserted into the free base by standard methods.26 Evaluation of the completeness of the reaction and purity of the product was done by thin-layer chromatography (EM Reagents, silca gel 60 F254). Samples were spotted from chloroform solution, and an 85:13.5:1.5 (v/v/v) toluene/ethyl acetate/methanol solvent system was used as the de~eloper.~' Progress of the chromatography was followed by sample luminescence under UV light. The zinc mesoporphyrin IX diacid was stored in a foil-wrapped vial at -60 OC.
Preparation of Apomyoglobin. The heme was removed from the myoglobin by the acidic 2-butanone extraction m e t h~d .~*~~~ On the final extraction, the aqueous apoprotein solution was removed and transferred to a Spectrapor dialysis bag (Spectrum Medical Industries; 20.4-mm diameter, 600-800 molecular weight cutoff, 3.2 mL/cm) that had been previously cleaned by standard methods. The sample was twice dialyzed against 1 L of 10 mM sodium bicarbonate (3.36 g of NaHCO, in 4 L of H20) followed by three times against 1 L of p 0.1 M phosphate buffer, pH 7.0. Each dialysis was continued for 6-12 h. The concentration of the apoprotein was determined from the absorption spectrum 15.8 mM-' cm-l).)O A minor peak at 424 nm indicated the incomplete removal of the iron porphyrin. Typically, heme removal in excess of 99% was achieved. Apoprotein prepared in this fashion was immediately used for reconstitution with the zinc mesoporphyrin. Preparation of Reconstituted Myoglobin." The apoprotein solution was maintained at 4 OC or ice bath temperatures for the duration of the insertion process. Approximately 3 mg of zinc mesoporphyrin IX diacid was dissolved in I O drops of 0.1 N NaOH(aq) in 5 mL. A volume of 2 mL of phosphate buffer ( p 0.1 M, pH 7.0) was added to the porphyrin solution. The resulting solution was added dropwise to the apoprotein with gentle swirling. The mixture was stirred in the dark at 4 OC for 12 h. A second insertion was then made. After 12 h more, the solution was left undisturbed overnight. The sample was centrifuged for 1-2 h, and the supernatant was decanted and saved for purification.
Purification of Reconstituted Myoglobins. The zinc mesoporphyrin IX reconstituted myoglobin was applied to a Sephadex G-25-80 column, equilibrated with phosphate buffer ( p 0.01 M, pH 7.0), and eluted with the same buffer at 4 OC. The protein band was collected and concentrated by Amicon ultrafiltration for loading on the phosphate ( p 0.01 M) equilibrated CM-52 column (3 cm X 22 cm). An ionic strength gradient, p 0.01-0.1 M, was used to elute the sample at 30 mL/h. Unmodified zinc myoglobin typically required 30-36 h to elute, and 72-84 h were required for the ruthenated derivatives. Additional 0.1 M buffer was needed to complete some elutions. Zinc-substituted myoglobins were refrigerated in foil-wrapped vials and used as quickly as possible.
Analytical isoelectric focusing was used to determine the purity of the a,Ru(His)Mb(ZnP)'s following final purifi~ation.~~ The isoelectric point (PI) of Mb(ZnP) is the same as the PI of ferromyoglobin (PI 7.4). Apomyoglobin is readily resolved from the reconstituted protein, because its PI is between -8 and 9. The broad PI band indicates that the apomyoglobin consists of multiple components, probably a result of degradation of the less stable apoprotein. The a,Ru(His)Mb(ZnP) samples exhibit pPs that correspond to reduced a,Ru(His)Mb derivatives."
Reconstitution of apomyoglobin with zinc mesoporphyrin IX diacid was greater than 90% based on protein recovery. The determination of Mb(ZnP) concentrations assumes that the extinction coefficients for apomyoglobin and Mb(ZnP) are similar. This assumption is supported by experimental results that correlate the amount of protein present before and after reconstitution with the UV-visible absorption data:33 A414/A280 -16, so 6414 -250 mM-I cm-'.
Samples were degassed and purged with purified argon (passed through a manganese oxide column) on a dual-manifold vacuum argon line. At least five vacuum/purge cycles were used to deoxygenate samples. Transfers were done anaerobically with a cannula (Aldrich, 20-gal stainless, noncoring tips). Other air-sensitive manipulations were performed under argon in a Vacuum Atmospheres Co. HE-43-2 Dri Lab inert-atmosphere box. Concentration of protein solutions and removal of small molecules were achieved with an Amicon ultrafiltration system (YM-5 filter, 5000 molecular weight cutoff).
Preparations and Purifications. The perchlorate22 and chloride23 salts of tris( 1,lO-phenanthroline)cobalt(III), C~(phen),~+, were prepared by literature methods. A saturated solution of C~( p h e n )~~+ was used to oxidize the protein samples.
Aquopentaammineruthenium(I1) (a,RuH20Z+) was synthesized by reduction of chloropentaammineruthenium(II1) (Strem) by zinc amalgam.24 The product was precipitated as the hexafluorophosphate salt and stored under vacuum, or the aSRuH202+ solution was used directly in the labeling reaction with protein.
Purification of Sperm Whale Skeletal Muscle Ferrimyoglobin. Sigma ferrimyoglobin (6 g), metMb, was dissolved in 20 mL of Tris buffer ( p 0.05 M, pH 7.2). The protein solution was centrifuged to separate the insoluble material. The supernatant was applied to a CM-52 column (4 cm X 80 cm) equilibrated with Tris buffer ( p 0.05 M, pH 7.8) at 4 OC.
The sample was eluted at 50 mL/h with Tris buffer ( p 0.05 M, pH 7.2).
Four separable bands were typically observed, and band IV (the richest in metMb) was used for these studies.
Preparation of Pentaammineruthenium(II1) Ferrimyoglobin.Io A solution containing 60 mg (25 mL of 1.3 mM metMb) of ferrimyoglobin in Tris buffer ( p 0.05 M, pH 7.2) was degassed and purged with argon in a septum-stoppered 120"
bottle. Excessive foaming of the protein solution during degassing was avoided to minimize protein denaturation. A total of 130 mg of degassed aquopentaammineruthenium(I1) hexafluorophosphate was dissolved in 15 mL of argon-purged Tris buffer ( p 0.05 M, pH 7.2).
The aquopentaammineruthenium(I1) was transferred under argon to the ferrimyoglobin solution. The ferrimyoglobin immediately reduced, and the solution changed color from the brown to deep red. After the mixture had reacted without agitation at room temperature for 30 min, the reaction was quenched by elution on a Sephadex G-25 column (Tris buffer, p 0.05 M, pH 7.2). The protein fraction was collected, oxidized with Co(phen),'+, and stored at 4 ' C .
Purification of Pentaammineruthenium(II1) Ferrimyoglobin.Io The mixture of ruthenated myoglobins was desalted by five cycles of Amicon concentration and dilution with water and then reduced to a final volume of 6 mL (600 mg, 5.6 mM modified metMb). The modified myoglobins were separated by isoelectric focusing. An LKB system (21 17 Multiphor, 2197 Electrofocusing Power Supply) was used. Two gels were prepared by standard procedure^.^^ To each gel was applied 3 mL of protein solution, and the gels were run at 4 "C (power supply settings: 1500 V, 22 mA, 10 W). Progress of the focusing was monitored visually by observing the separation of the modified myoglobin bands. When sufficient resolution of native, singly modified, and doubly modified bands occurred, the gels were stopped. The band of singly modified derivatives was cut from the trays and eluted from the gel through a disposable frit with water. The ampholytes were removed from the collected protein solution by Amicon ultrafiltration.
The mixture of singly ruthenated myoglobin derivatives was concentrated and loaded onto a CM-52 column (equilibrated with fi 0.1 M Tris buffer, pH 7.8, 4 cm X 70 cm) at 4 OC. The protein was eluted with Tris buffer at 50 mL/h. Four bands were collected, and each was concentrated and rechromatographed, if necessary. Fractions were kept at 4 OC for short-term storage or frozen at -60 OC (0.1 mM protein) in Tris buffer. C~( p h e n )~) + was added to all modified protein solutions for storage. The order of elution from the CM-52 column is a,Ru(His-12)Mb, a5Ru(His-l16)Mb, asRu(His-8 1)Mb, and a5Ru(His-48)Mb.
Preparation of Zinc Mesoporphyrin IX Diacid. The porphyrin dimethyl ester was first saponified to the diacid. A total of 250 mg of mesoporphyrin IX dimethyl ester (Sigma) was dissolved in 5 mL of pyridine in a 50" three-neck flask. The flask was wrapped in foil and placed under an argon flow. A total of 20 mL of 1% potassium hydroxide in methanol (0.29 g of KOH (89%) in 25 mL of MeOH) was added with 1962, 5, [663] [664] [665] [666] [667] [668] [669] [670] [671] [672] [673] [674] [675] [676] [677] [678] [679] [680] [681] [682] , 45 mL of protein was available for reconstitution. The zinc mesoporphyrin was inserted, and following centrifugation and a Sephadex G-25 column, 17.5 mg ( A 0.403, 40 mL) was recovered. The amount of reconstituted protein is in apomyoglobin equivalents (the zinc porphyrin is not included in the calculation). kf,' s-l 9.9 f 0.7 6.1 f 0.9 10.3 f 0.3 6.4 f 0.5 11.7 f 0.3 7.8 f 0.4 11.9 f 1.6 8.0 f 1.6 14.1 f 1.1 10.1 f 1.1 15.7 f 1.9 11.6 f 1.9 17.4 f 0.5 13.3 f 0.5 19.2 f 1.7 15.0 f 1.7
Instrumentation. Transient absorption lifetime measurements were made with a pulsed-laser system described p r e v i o u~l y .~~ Modifications to the system for transient absorption measurements are indicated below.
Samples (fi 0.1 M, phosphate buffer pH 7.0, A414 -1.25) were degassed in a vacuum cell with a 1-cm fluorescence cuvette side arm. A 500-W continuous-wave tungsten lamp with an Infrared Industries Model 5 18 lamp power supply served as the probe beam source. The beam was collimated (f 17.7 cm, diameter 7.5 cm) in the lamp housing and focused by a lens (f 15.2 cm, diameter 10.0 cm) through a series of Corning filters, 0-52, 0-51, 5-57, and 5-58. The beam was cropped by a 0.8-cm aperature and passed through the sample cell. The beam was refocused (f7.0 cm, diameter 3.8 cm) onto the slit of the monochromator (0.8 mm) through a Corning 5057 filter. A Tektronix FET probe amplifier with a 5-kQ resistor was used for all transients except the a5Ru(His-48)Mb-(ZnP) system, in which case a LeCroy amplifier was used. A total of 40 pulses was taken at 1 Hz, and the data were averaged on a PDP computer. Data were serially transferred to an IBM PCAT for later analysis and graphics. Data were analyzed with nonlinear least-squares routines. Both monophasic and biphasic first-order fits with zero and nonzero endpoints were made.
Results and Discussion
Electron-transfer rates were determined from the quenching of the 3ZnP* decay. The long-lived triplet excited state reduces histidine-bound ruthenium(II1) (hEo -0.8 V), and back electron transfer to ZnP+ rapidly returns the system to its initial state (kb > kf) (eq 1)1'934+35
( 1 )
ZnP+-RU'+
The native Mb(ZnP) data fit a monophasic first-order nonzero end point expression for at least 4 half-lives. The rate constant (kd) obtained from this fit is 40 f 2 s-l at 25 "c. The Mb('ZnP*) decay rate does not vary significantly from 7.6 O C (38 f 5 S-I) to 38.6 "C (42 f 1 s-l) ( Table I) . Values of kd determined at 3 and 90 FM are 41 f 2 and 46 f 4 d, respectively, confirming that no bimolecular quenching of Mb(3ZnP*) occurs.
The a5Ru(His-48)Mb(ZnP) data also fit a monophasic firstorder nonzero end point expression for at least 4 half-lives ( Figure  1) . A rate constant of (7.0 f 0.8) X lo4 s-l was obtained. Subtraction of the intrinsic decay rate (40 f 2 s-l) does not affect this result (koM -kf). The decay of photoexcited asRu(His-48)Mb(ZnP) also was measured following dithionite reduction36 of aSRu(His-48)'+; the observed decay rate (50 f 5 s-I) is nearly the same as kd. The aSRu(His-48)Mb('ZnP*) quenching rate constant exhibits a slight temperature dependence (Table I) , ranging from (5.4 f 0.9) X lo4 s-' (7.6 " C ) to (8.1 f 1.4) X lo4 s-I (38.6 " C ) .
Residuals corresponding to a monophasic first-order nonzero end point fit of the aSRu(His-81)Mb(ZnP) data indicate a de- (35) Under pulsed-laser experimental conditions, the a5Ru(His)Mb(ZnP) samples are quite stable. The absorption spectra remain unchanged after 500 laser pulses. A slow reversible decay amounting to about 10% of the transient optical density change is attributable to protein impurities.M The initial optical density is restored within 1 s of the excitation pulse (8-11s fwhm, 1-Hz repetition). In contrast, when using a broad-band microsecond excitation source, the sample undergoes significant decompasition (-50%) within five flashes.
(36) Samples were treated with sodium dithionite in an inert-atmosphere box. Excess dithionite was removed by four cycles of concentration and dilution with an Amicon ultrafiltration unit. viation from monophasic behavior. These data can be satisfactorily fit to a biphasic first-order zero endpoint expression. A total of 9 half-lives of the fast component was used in the analysis. The observed rate (126 f 12 s-l) corresponds to a kf of 86 f 12 s-l.
The second component contributes less than 10% to the transient absorption measurement and was observed for less than 2 halflives. Over the range 3-15 pM, aSRu(His-81)Mb(ZnP) showed no variation in koM; following reduction36 of a5Ru(His-8 1)3+, the observed rate (45 f 4 s-I) was found to be within experimental error of kd.
Similar analyses of the a5Ru(His-l 16)Mb(ZnP) and a5Ru-(His-1 2)Mb(ZnP) data yielded electron-transfer rate constants of 89 f 3 and 101 f 11 s-l, respectively. The His-81, -1 16, and -1 2 derivatives exhibit moderate temperature dependences ( Table  I) . Enthalpies of activation (AH*, kcal mol-') are as follows: Mb(ZnP), 0.0 f 0.9; a5Ru(His-48)Mb(ZnP), 1.7 f 1.6; His-81, 5.6 f 2.5; His-116, 5.4 f 0.4; His-12, 4.7 f 0.9.37 Distance Dependence. Theory indicates that the rate of longrange electron transfer will fall off exponentially with donoracceptor distance." Both edge-edge (d) and metal-metal (d,) distances were examined in our analysis?8 Assuming an electronic transmission coefficient of unity when 3ZnP* and aSRu(His)3+ are in van der Waals edge-edge contact (d = 3 the standard theoretical expression for the electron-transfer rate constant is eq 2, where h is the vertical reorganization energy and AGO is the reaction free energy." side-chain dihedral angles by 3.6'. The calculation included only the van der Waals contribution of those atoms within 8.5 A of the ruthenated histidine in each conformation. Pseudo potential energy surfaces were obtained by plotting conformational energy vs electron-transfer distance (d or d,) and by fitting a smooth curve under the generated points. A comparison of the experimental structure42 of aSRu(His-48)Mb reveals an uncertainty of a t least 6.5 kcal in our calculations. That is, the experimental d,,, of 24 A falls on our potential energy surface approximately 6.5 kcal above the calculated minimum. The d and d, ranges in our analysis of the rates reflect this 6.5-kcal uncertainty ( Table   11 ).
The In kf vs d plot for the asRuMb and a5Ru-cyt c34 experiments is shown in Figure 3 . The experimental distance dependence of the rate constant is given by eq 3. Best fits to the lower kf = 7.8 X lo8 exp [-0.9l special role for the intervening tryptophan, and the relatively small departure of the His-1 2 derivative from the rate-distance correlation (eq 3) may have an entirely different origin. Hoffman, Mauk, and co-workers have found only minor effects on cytochrome c peroxidase (3ZnP*)llcytochrome c(Fe3+) long-range electron-transfer rates upon changing Phe-82 of cyt c to other residues, although dramatic differences in the reverse-direction transfers (Fe*+ to ZnP+) were 0b~erved.l~ Further work on the influence of the medium in well-defined electron-transfer systems is called for, because it is apparent from these early experimental and theoretical results that many issues need to be explored in greater depth.
